Abstract Growth of the remaining lung after pneumonectomy has been observed in many mammalian species; nonetheless, the pattern and morphology of alveolar angiogenesis during compensatory growth is unknown. Here, we investigated alveolar angiogenesis in a murine model of post-pneumonectomy lung growth. As expected, the volume and weight of the remaining lung returned to nearbaseline levels within 21 days of pneumonectomy. The percentage increase in lobar weight was greatest in the cardiac lobe (P \ 0.001). Cell cycle flow cytometry demonstrated a peak of lung cell proliferation (12.02 ± 1.48%) 6 days after pneumonectomy. Spatial autocorrelation analysis of the cardiac lobe demonstrated clustering of similar vascular densities (positive autocorrelation) that consistently mapped to subpleural regions of the cardiac lobe. Immunohistochemical staining demonstrated increased cell density and enhanced expression of angiogenesis-related factors VEGFA, and GLUT1 in these subpleural regions. Corrosion casting and scanning electron microscopy 3-6 days after pneumonectomy demonstrated subpleural vessels with angiogenic sprouts. The monopodial sprouts appeared to be randomly oriented along the vessel axis with interbranch distances of 11.4 ± 4.8 lm in the regions of active angiogenesis. Also present within the regions of increased vascular density were frequent ''holes'' or ''pillars'' consistent with active intussusceptive angiogenesis. The mean pillar diameter was 4.2 ± 3.8 lm, and the pillars were observed in all regions of active angiogenesis. These findings indicate that the process of alveolar construction involves discrete regions of regenerative growth, particularly in the subpleural regions of the cardiac lobe, characterized by both sprouting and intussusceptive angiogenesis.
Introduction
Compensatory growth of the remaining lung after pneumonectomy has been described in many species including rats [1] , mice [2] , dogs [3] , cats [4] , rabbits [5] , and ferrets [6] . The growth of the regenerating lung, coincident with increases in protein [1] , nucleic acids [7] , and cells [8] , occurs within days of pneumonectomy. Recent studies have demonstrated that the growth of the remaining lung reflects not simply an increase in alveolar size, but an increase in the number of alveoli [9] .
The rapid increase in the number of new alveoli is particularly intriguing given the structural constraints of neoalveolarization. As the primary gas exchange unit of the lung, the functional efficiency of the alveolus is determined by alveolar volume, surface accessibility, and endothelial permeability [10, 11] . Even small changes in alveolar geometry or blood flow can produce a significant change in oxygen flux [12, 13] . Because discordant development of gas transport or blood perfusion can result in ineffective gas exchange, neoalveolarization must involve a highly integrated process of alveolar construction [14] .
A central constituent of lung construction is the alveolar capillary network. Blood vessel number, density, and spatial distribution contribute to the efficiency of gas exchange [15, 16] . In development, classic studies by Burri et al. have outlined three phases of postnatal lung maturation: (1) rapid structural alveolation (mouse 4-14 days; humans birth to 1.5 years); (2) maturation of the secondary septa and major angiogenesis (mouse 14-21 days; humans 1.5-2 years); and (3) uniform growth and expansion (mouse 21-90 days; humans [2 years) [17] [18] [19] . Although there is some evidence of later alveolation [16] , the majority of angiogenesis is likely to occur within 21 days in mice.
In models of post-pneumonectomy compensatory growth, studies in dogs have demonstrated an increase in endothelial cells proportionate to other lung constituents [20] . The presumed increase in regenerating blood vessels appears to efficiently participate in gas exchange. Takeda and colleagues have demonstrated normal diffusion gradients and oxygen/carbon dioxide gas exchange after postpneumonectomy lung regeneration [21] . Related work in a variety of post-pneumonectomy animal models has implicated a diverse set of angiogenic and growth-related genes including epidermal growth factor (Egr1) [22] , keratinocyte growth factor (Fgf7) [23] , hepatocyte growth factor (Hgf) [24] , hypoxia-inducible factor-1a (Hif1a) [25] , endothelial nitric oxide synthase (Nos3) [26] , plateletderived growth factor b (Pdgfb) [27] , and vascular endothelial growth factor (Vegfa) [28] . Although isolated endothelial cells produced a transcriptional signature compatible with angiogenesis [29] , attempts to define transcriptional regulation using microarrays and bulk RNA have identified few genes clearly associated with capillary angiogenesis [30, 31] .
In this report, we investigated the possibility that pneumonectomy does not trigger uniform, or global, alveolar capillary angiogenesis, but rather a pattern of angiogenesis that reflects discrete growth regions within the regenerating lung. To investigate this hypothesis, we employed microCT imaging, histology, and immunohistochemistry as well as corrosion casting and scanning electron microscopy.
Methods

Mice
C57/B6 mice (Jackson Laboratory, Bar Harbor, Maine), 8-12 weeks old, were used in all experiments. The care of the animals was consistent with guidelines of the American Association for Accreditation of Laboratory Animal Care (Bethesda, MD) and approved by the Institutional Animal Care and Use Committee.
Pneumonectomy
After general anesthesia and intubation [32] , the animal was maintained on a Flexivent rodent ventilator (SCIREQ, Montreal, QC Canada) at 200 bpm, 10 ml/kg, and PEEP of 2 cm H 2 O with a pressure limited constant flow profile [32] . The pneumonectomy was performed through a 5th intercostal space left thoracotomy. With minimal manipulation of the lung, the hilum was ligated en bloc with a 5-0 surgical silk tie (Ethicon, Somerville, NJ). The entire left lung distal to the hilar ligature was sharply excised, the lung was removed, and the thoracotomy closed with interrupted 5-0 silk sutures (Ethicon). Once spontaneous muscle activity returned, the animal was extubated and transferred to a warming cage. Sham thoracotomy involved an identical left thoracotomy incision and closure without surgical manipulation of the left lung.
Flow cytometry cell cycle analysis
The lung was processed in a modification of a procedure previously described [29] . Briefly, the lung was minced into 1 mm 3 pieces and processed by enzymatic digestion: 1 mg/ml collagenase (Sigma, St. Louis, MO) and 2.5 U/ml dispase solution (Collaborative Biomedical Products, Bedford, MA). The suspension was incubated at 37°C on a rotary shaker for 40 min. The lung was triturated using an 18-g needle, filtered through a 100-lm mesh screen (BD Biosciences, San Jose, CA), washed, and re-suspended at a concentration of 3 9 10 7 cells/ml. Using a technique similarly applied to lung endothelial cells [29] , the whole lung cells were treated with red blood cell lysis buffer (BD Biosciences) and washed in 3% serum containing medium [29] . The cells were pre-warmed to 37°C, stained with 1 mg/ml Hoechst 33342 (Molecular Probes, Carlsbad, CA), and incubated for 45 min at 37°C. The cells were washed and analyzed using dual excitation laser (BD FACSCanto II; 325 and 488 nm ex) flow cytometer. After defining ModFit software parameters (Verity, Topsham, ME), the viable lung cells were gated based on forward and side scatter parameters to exclude debris. Because of nuclear density interference and other staining nonlinearities [33] , the G2/G1 ratio was typically modified using the ModFit autolinearity algorithm. Autolinearity G2/G1 ratios ranged from 1.94 to 1.99.
Lobar weights
With a beating heart, a caval venotomy and an absorptive pad facilitated drainage of intravascular blood volume. Blood-free wet weight was subsequently obtained. Lung dry weight was obtained after drying in an oven at 60°C until the weight was constant. The wet-to-dry ratio was calculated using the blood-free wet and dry lung weights.
MicroCT
Microtomography measurements were performed using a ProCon X-Ray CT-Alpha instrument (ProCon, Garbsen, Germany) equipped with a YXLON FXE 160.51 X-ray tube and a Hamamatsu flat-panel sensor detector (Hamamatsu Photonics, Hamamatsu, Japan). Images were obtained at 2,048 9 2,048 pixels (50 lm/pixel on the detector); some test measurements were also performed at a resolution of 1,024 9 1,024 pixels.
Spatial autocorrelation
Spatial autocorrelation measures were based on the vascular patterns obtained by microCT imaging of whole lung corrosion casts. The patterns largely reflected vessel densities in individual lobes. After pneumonectomy, the casts were imaged and spatial autocorrelation measures were applied to the 3D lung using Moran's I as previously described [34, 35] using a 64 bit version of Matlab 7.8 software (MathWorks, Natick, MA). Systematic image stacking and visualization was performed with Amira 5.2.2 (Visage Imaging, Richmond, Australia). The images were encoded using a four-color indexing palette of pink (highest), green, white, and black (lowest).
Immunohistochemical staining
As previously described [29] , cryostat sections were warmed and blocked with 20% sheep serum, 20% goat serum, and 0.1% azide in PBS. The slides were treated with anti-PCNA (Clone PC10, Dako, Hamburg, Germany) or anti-Ki-67 (Clone TEC-3, Dako), anti-VEGF (A-20, Santa Cruz, Heidelberg, Germany) or anti-GLUT1 (H-43, Santa Cruz) antibodies at 10-20 ug/ml. The slides were washed twice and treated with avidin-biotin-peroxidase complex (Vectastatin ABC-Kit, Vector Laboratories) or with the Envision Ò kit (Dako, Hamburg, Germany). After 15 min incubation, the slides were washed twice, developed, and counterstained with hematoxylin (Sigma).
Scanning electron microscopy
After systemic heparinization with 2,000 U/kg heparin IP, the mice were thoracotomized in deep anesthesia. The pulmonary artery was cannulated through the right ventricle with an olive-tipped cannula and perfused with 10 ml of 37°C saline followed by 10 ml of a buffered 2.5% glutaraldehyde solution (Sigma) at pH 7.40. After casting of the microcirculation with 10 ml of the polyurethane-based casting resin PU4ii (vasQtec, Zurich, Switzerland).and caustic digestion, the microvascular corrosion casts were imaged after coating Fig. 1 Post-pneumonectomy lung growth. a After baseline pre-pneumonectomy (day = 0) measurements, left pneumonectomy was performed. The remaining right lung increased volume (solid line) and dry weight (dashed line) (P \ 0.015). Volume measurements were made by displacement (Scherle) method; weight measurements were made as blood-free weights. Both volume and weight were normalized to total body weight (TBW) to produce lung volume and weight indices. The increase in volume and weight were significant (P \ .04; N = 8-12 mice per data point; error bars reflect 1 SD). Representative images of Ki-67 (b) and PCNA (c) immunostaining of the lung 6 days after pneumonectomy. Positive nuclear staining (brown) was prominent on day 6 after pneumonectomy (bar = 50 lm) Angiogenesis (2012) 15:23-32 25 with gold in an argon atmosphere with a Philips ESEM XL30 scanning electron microscope. Stereopair images were obtained by using tilt angles of 6°. The quality of the filling of the corrosion casts was also evaluated by comparisons with the vascular densities in semithin light microscopic sections stained with methylene blue.
Statistical analysis
Flow cytometry statistical analysis was based on measurements in at least three different mice. The unpaired Student's t test for samples of unequal variances was used to calculate statistical significance. The data were expressed as mean ± 1 SD. The significance level for the sample distribution was defined as P \ 0.05.
Results
Time course of compensatory lung growth
As expected, the remaining lung after murine pneumonectomy increased its weight and volume sufficiently to approximate the preoperative baseline (Fig. 1a) . Immunohistochemistry of the cell cycle proteins Ki-67 and PCNA demonstrated a marked proliferative response of cells within the alveolar septa (Fig. 1b, c) . To provide a more quantitative assessment of cell proliferation, the post-pneumonectomy lungs were digested and the lung cells were analyzed by flow cytometry. Cell cycle analysis demonstrated an initial indication of cell proliferation on Day 3 (S phase 3.90 ± 1.08%; G2 phase 0.40 ± 0.71%) followed by a peak of cells in G2 ? S phase (12.02 ± 1.48%) on Day 6 (Fig. 2) . By 14 days after pneumonectomy, the total number of cells in G2 ? S phase (3.34 ± 3.01%) approached the baseline of 1.19 ± 0.81% (N = 4-5 mice per time point).
Based on the cell cycle activity, the subsequent morphology experiments focused on the time period between days 3 and 6 after pneumonectomy.
Spatial dependence of growth
To investigate the spatial dependence of lung growth, we measured the relative growth of the four lobes (upper, middle, lower, and cardiac) of the post-pneumonectomy right lung. The percentage increase in lobar weight was greatest in the cardiac lobe (P \ .001) (Fig. 3) . To assess the spatial dependence of blood vessels within the lobes, we performed vascular casting and microCT imaging (Fig. 4a) . Reconstructions of the post-pneumonectomy lung demonstrated significant heterogeneity in vascular density. Moran's I, an autocorrelation statistic that reflects the degree of spatial dependency, was mapped for the postpneumonectomy lung (Fig. 4b) . Spatial autocorrelation demonstrated clustering of similar vascular densities (positive autocorrelation) in the subpleural regions of the cardiac lobe (Fig. 4c-f ).
Subpleural histology
The subpleural regions of the cardiac lobe were studied in detail by standard histology and immunohistochemical staining. Histology analysis demonstrated increased cell density in discontinuous regions of the peripheral cardiac lobe. In most cases, the dominant focus of cellularity was within 300 lm of the pleural surface. Immunohistochemical staining demonstrated increased expression of angiogenesis-associated factors VEGFA and GLUT1 (Fig. 5) . Maximal expression of these factors was observed in the subpleural regions with variable extension into the subjacent lung parenchyma (Fig. 5) . 
Mechanism of angiogenesis
To investigate the possibility of active angiogenesis within these subpleural regions, the cardiac lobe was studied by vascular corrosion casting and scanning electron microscopy. The pleural vessels, forming a polygonal plexus in the visceral pleura, demonstrated significant variability, but regions with increased vessel caliber and vascular density were observed (Fig. 6a, ellipse) . The subjacent regions demonstrated increased vascular density consistent with active angiogenesis (Fig. 6b) . To investigate the mechanism of the increased vascular density, corrosion casting and SEM performed 3-6 days after pneumonectomy demonstrated subpleural vessels with angiogenic sprouts (Fig. 7a, b ; circles). The monopodial sprouts appeared to be randomly oriented along the vessel axis. Sampling in subpleural regions with the highest vascular density demonstrated interbranch distances of 11.4 ± 4.8 lm. Also present within these regions were frequent ''holes'' or ''pillars'' suggesting active intussusceptive angiogenesis (Fig. 7b, c; arrows) ; the mean intussusceptive pillar diameters was 4.2 ± 3.8 lm. By day 9 after pneumonectomy, a double layer capillary morphology was frequently observed in these subpleural regions (Fig. 7d, arrow) .
Discussion
In this report, we have contributed several spatial and temporal observations relevant to the process of murine post-pneumonectomy lung growth. First, cell cycle analysis demonstrated enhanced lung cell proliferation peaking 6 days after pneumonectomy. Second, lung growth after pneumonectomy was not uniform but demonstrated spatial dependencies with the greatest growth in the cardiac lobe and in discontinuous subpleural regions. Third, the subpleural regions demonstrated enhanced expression of angiogenesis and growth-related factors (VEGFA and GLUT1). Finally, corrosion casting and SEM of subpleural regions 3-6 days after pneumonectomy demonstrated morphologic evidence of both sprouting and intussusceptive angiogenesis. Together, these findings in post-pneumonectomy mice suggest that the pattern of blood vessel growth has distinct spatial dependencies and the process involves both sprouting and intussusceptive angiogenesis. In our studies, spatial dependency refers to the co-variation of angiogenesis and anatomic location. Stimulated by earlier work demonstrating nonuniform growth [36, 37] , our initial measurements of lobar weight and autocorrelations of microCT data were exploratory analyses intended to identify the spatial patterns of lung growth. The identification of spatial ''hot spots'' did not imply new vessel growth or angiogenesis per se, but rather defined the scale and distribution of vascular heterogeneity within the lung. Using this pattern as a guide, diagnostic features of sprouting and intussusceptive angiogenesis were subsequently confirmed using corrosion casting, and scanning electron microscopy.
Although it is tempting to apply rigorous statistical tests to our data, spatial analytic tools currently have several practical limitations. First, the linkage of a biologic event such as angiogenesis and anatomic location violates standard statistical assumptions of feature independence. Because most statistical tools do not compensate for spatial dependency and lead to unstable parameter estimates, our measure of spatial autocorrelation was presented as topographic information rather than as a statistical comparison. Second, our spatial analysis of angiogenesis was contrasted with presumed uniformityan obvious oversimplification of such complex space as the post-pneumonectomy lung. We recognize that our observations of discontinuous subpleural angiogenesis likely reflect anatomic and physiologic explanations that are currently unrecognized.
Investigations of lung growth have been complicated by the unique structural features of the lung; namely, repeating gas exchange units within an elastic skeleton. In contrast to other regenerative organs, an increase in lung volume may simply reflect alveolar distension and not tissue growth. Because of these limitations, structural assessments of the lung have relied upon histologic sections and designed-based sampling techniques [9, 38, 39] . Morphometric measurements, such as mean linear intercept (MLI), do not depend upon alveolar geometry or geometric similarity, but only upon the random orientation of the sampling [40] . An advantage of this approach is that measurements of volume and intercept can be linked, at least indirectly, to the surface area of the lung participating in gas exchange. A disadvantage is that MLI is a summary descriptor without spatial information relevant to the process of lung growth.
Pulmonary angiogenesis is a growth process that has been difficult to identify; in part, because of the high density of blood vessels in normal conditions and the difficulty in identifying angiogenesis in 2-dimensional histologic sections. Morphologic evidence of angiogenesis in the adult lung is rare, largely restricted to unusual animal models [41] [42] [43] and human disease [44] . Our finding that growth areas were discontinuous, and within a relatively narrow temporal window, further complicated the unequivocal demonstration of angiogenic forms. Classic developmental studies of the lung have suggested that pulmonary vessel growth would likely involve intussusceptive angiogenesis [45, 46] . Intussusception is a form of angiogenesis involving the division of a single vessel into two lumens. The intussusceptive ''pillar'', a tissue bridge that leads to septation of the vessel lumen, appears as a ''hole'' in vascular corrosion casts [47] . Although early work in lung development characterized pillars as 1-2.5 lm in diameter [46] , our findings suggest a wider range of pillar diameters-likely reflecting a dynamic process in adult mice. Practically, intussusceptive pillars can only be visualized by SEM. To facilitate our search for evidence of pulmonary angiogenesis, we focused the casting and SEM studies on the time of maximal proliferation (3-6 days after pneumonectomy) and in the subpleural regions of the lung. Consistent with our histologic predictions, we were able to demonstrate striking examples of intussusceptive angiogenesis. Similarly, these regions of intussusceptive angiogenesis uniformly demonstrated spatially coincident sprouting angiogenesis-a finding consistent with a common stimulus for both forms of angiogenesis. Also reflecting the spatial dependency of lung growth, the cardiac lobe demonstrated a significant increase in weight relative to the other lobes of the right lung. Among mammals, the mouse has unusual pulmonary anatomy. The mouse has four lobes in the right lung: the standard right upper lobe, right middle lobe, and right lower lobe as well as a lobe that is located in the lower mediastinum. Variously referred to as the cardiac, infracardiac, post-caval, median, and inferior lobe, this lobe is uniquely located in the inferior midline of the ventral mediastinum. Our findings of differential growth in the cardiac lobe is consistent with other rodent studies that have demonstrated relatively increased volume [8, [48] [49] [50] , weight [51] , and cell proliferative activity [8, 52, 53] in the post-pneumonectomy cardiac lobe. Although the unique location and shape of the cardiac lobe are potentially relevant factors, the reasons for differential growth of the cardiac lobe remain unclear.
Consistent with our findings, a number of investigators have noted evidence of increased cellular proliferation in subpleural [8, [54] [55] [56] [57] and peribronchial [8] areas of the post-pneumonectomy lung. Nattie et al. [58] have argued that the constancy of alveolar size in the subpleural regions after pneumonectomy, despite a demonstrable increase in lung volume, indicates that proliferation of the subpleural alveoli has occurred. The expression of VEGFA and GLUT1 in the subpleural regions is also consistent with the findings of angiogenic gene transcription in isolated lung cells [29, 59, 60] and suggests intercellular signaling networks within discrete subpleural regions.
The subpleural region, also referred to as the ''subpleural mantle'' [61] , has unique structural features. In normal rodents, the subpleural zone has distinctive characteristics including a reduced volume fraction of septal tissue and a reduced air space surface density [61] . These observations that have led to caution in interpreting subpleural morphometric data. Although a reasonable morphometric consideration, these unique anatomic features may also facilitate rapid post-pneumonectomy growth. For example, the pleura and subpleural zones are associated with both systemic and pulmonary vessels [62] -a preexisting vascular supply presumed to be necessary for alveolar construction. Similarly, the mesothelium, a recently described reservoir for stem cells [63] , demonstrates an early proliferative response after pneumonectomy [52] and an unanticipated capacity for adaptive growth [43] . In future studies, we suspect that the spatial ''hot spots'' defined here will provide valuable insights into the process of lung regeneration. Fig. 7 Mechanism of post-pneumonectomy angiogenesis. Regions of active angiogenesis post-pneumonectomy (days 3-6) were demonstrated by corrosion casting of the pulmonary vasculature and imaging by SEM. a-c Numerous angiogenic sprouts (e.g., circles) were noted at 10-15 lm interbranch distances. Spatially coincident with the sprouts were holes in the casts (e.g., arrows) consistent with intussusceptive pillars. d Casts of the alveoli on day 9 after pneumonectomy demonstrated a double layer capillary morphology (arrow)
